The majority of cancer cells rely on elevated telomerase expression and activity for rapid growth and proliferation. Telomerase-negative cancer cells, on the other hand, often employ the alternative lengthening of telomeres (ALT) pathway to maintain telomeres. ALT cells are characterized by long and dynamic telomeres and the presence of ALT-associated promyelocytic leukemia (PML) bodies (APBs). Previous work has shown the importance of APBs to the ALT pathway, but their formation and precise role remain unclear. Here we demonstrate that a homeobox-containing protein previously known as HMBOX1 can directly bind telomeric doublestranded DNA and associate with PML nuclear bodies. We named it TAH1 for telomereassociated homeobox-containing protein 1. TAH1 knockdown significantly reduced the number of APBs and led to an increase in DNA damage response signals at telomeres. Importantly, TAH1 inhibition also notably reduced the presence of telomere C-circles, indicating altereded ALT activity. Our findings point to TAH1 as a novel link between pathways that regulate DNA damage responses, PML nuclear bodies, and telomere homeostasis in ALT cells, and provide insight into how ALT cells may achieve sustained growth and proliferation independent of the telomerase.
Introduction
Telomeres have evolved to overcome the end replication problem and maintain genome stability in organisms with linear chromosomes (Blackburn, 2001; Feldser et al., 2003) . In human, for example, telomerase and a network of telomere-associated proteins are responsible for maintaining telomere length and integrity (Blackburn et al., 2006; Cong et al., 2002; de Lange, 2005; Venteicher et al., 2009; Venteicher et al., 2008; Xin et al., 2008) . The expression and activity of telomerase are highly regulated. For instance, human telomerase reverse transcriptase expression and activity are very low or non-detectable in normal somatic cells (Kim et al., 1994) .
In contrast, 85~90% of cancer cells have elevated telomerase expression and activity (Shay and Bacchetti, 1997) . Such mechanisms appear critical for the relentless growth of cancer cells. The remaining 10~15% of cancer cells, predominantly mesenchymal or neuroepithelial precursors, appear to extend their telomeres through alternative lengthening of telomeres (ALT), a mechanism that depends on homologous recombination (HR) rather than the telomerase (Bryan et al., 1997; Cesare and Reddel, 2010b; Heaphy et al., 2011) . ALT cells often contain heterogeneous, unstable, and excessively long telomeres (Bryan and Reddel, 1997; Dunham et al., 2000; Scheel et al., 2001) as well as abundant extra-chromosomal telomeric DNA (e.g., doublestranded and single-stranded circles) that has been implicated in telomere HR and the ALT pathway (Cesare and Griffith, 2004; Henson et al., 2009; Nabetani and Ishikawa, 2009; Wang et al., 2004) .
Another characteristic of the ALT cells is the presence of ALT-associated PML (promyelocytic leukemia) bodies or APBs (Yeager et al., 1999) , which contain both telomeric DNA and telomere-binding proteins. APBs are likely sites of ALT activity (Cesare and Reddel, 2010b) . Proteins that are involved in HR (e.g., RAD51, RAD52, RPA, HP1, MUS81, and SMC5/6) (Jiang et al., 2009; Potts and Yu, 2007; Yeager et al., 1999; Zeng et al., 2009) 
as well as
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Results
TAH1 localizes more frequently in ALT cells than in telomerase positive cells
Exogenously expressed TAH1/HMBOX1 has been shown to localize to telomeres in both ALT and telomerase-positive cells (Dejardin and Kingston, 2009) . To further study the role of TAH1 in telomere maintenance, we examined the telomeric localization of endogenous TAH1 in multiple cell lines. U2OS (a human osteosarcoma cell line) and WI38-VA13/2RA cells (a SV40-immortalized human lung cell line) use ALT pathway to maintain their telomeres, while HTC75
and HeLa cells are telomerase-positive. In both U2OS and WI38-VA13/2RA cells. punctate immunostaining patterns of TAH1 appeared to overlap with ~70% of telomere signals ( Figure   1A ). Chromatin immunoprecipitation (ChIP) assays using anti-TAH1 antibodies also revealed specific enrichment of telomere DNA signals (~1/3 of signals observed for TRF2) from U2OS cells ( Figure 1B ), demonstrating the association of endogenous TAH1 with telomeres in ALT cells.
In HTC75 cells, we could also observe co-localization of endogenous TAH1 with the telomeres, albeit at a much lower level compared with ALT cells ( Figure 1A ). Similar results were also seen with HeLa cells (data not shown). The difference of telomere targeting in ALT cells vs. telomerase-positive cells suggests that TAH1 may play a role in the ALT pathway.
TAH1 binds directly to telomeric DNA in a homeodomain-dependent manner
Homeodomains are known double-stranded DNA binding modules (Berger et al., 2008) ; however, the specificity and activity of TAH1 homeodomain towards telomeric DNA has never been studied. To test whether TAH1 homeodomain could interact directly with telomeric DNA sequences, we carried out electrophoretic mobility shift assays (EMSA) using bacterially purified Journal of Cell Science Accepted manuscript TAH1 homeodomain ( Figure 2A ) and a biotinylated double-stranded telomeric DNA probe (biotin-TelGGG8) . As shown in Figure 2B , purified GST-tagged TAH1 homeodomain could slow the migration of the telomeric probe in a dose-dependent manner, but had no effect on the mutant probe (biotin-TelGCC8). Moreover, the retarded signals were reduced with increasing concentrations of the unlabeled TelGGG8 probe, but not the mutant probe (Fig. 2B, left) . These data suggest that TAH1 can directly bind to telomeric DNA and the homeodomain likely mediates the telomeric targeting of TAH1.
To test the dependence of TAH1 on its homeodomain for telomere localization, we generated two deletion mutants of TAH1 ( Figure 2C ) for immunostaining analysis. As shown in Figure 2D , both full-length TAH1 and the homeodomain only mutant (TAH1-h) could localize to telomeres. In contrast, the homeodomain deletion mutant (TAH1-∆h) remained predominantly in the cytoplasm ( Figure 2D ). When we attached an SV40 nuclear localization sequence (NLS) to its C terminus, TAH1-∆h-NLS displayed diffuse nuclear distribution but failed to form foci that costained with TRF2 ( Figure 2D ). Taken together, our findings demonstrate that the homeodomain of TAH1 is necessary and sufficient for targeting TAH1 to telomeres through its direct interaction with telomere sequences.
TAH1 localizes to PML bodies in ALT cells
In the majority of U2OS and WI38-VA13/2RA cells (~60%), endogenous TAH1 signals appeared to co-localize with >50% of PML foci ( Figure 3A ), suggesting that TAH1 might reside in PML bodies and interact with PML. To further explore this possibility, we examined the interaction between TAH1 and PML using the bi-molecular fluorescence complementation (BiFC) assay. In BiFC assays, interactions between two proteins that are tagged with YFP fragments (YFPn or YFPc) will bring the two halves of YFP to close proximity for fluorescence complementation and detection (Hu et al., 2002; Ma et al., 2011) (Figure 3B ). When U2OS cells
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TAH1 contributes to ALT activity without influencing telomere length
ALT cells can undergo drastic changes in telomere length, and depend on recombination for telomere maintenance where recombination byproducts such as signal-free ends may accumulate. To further probe the importance of TAH1 in the ALT pathway, we used telomeric fluorescence in situ hybridization (FISH) to detect telomere signal-free ends and end-to-end fusions, and telomere restriction fragment (TRF) analysis and telomere quantitative fluorescence in situ hybridization (Q-FISH) to examine telomere length. No significant changes in telomere signal-free ends or ratios of chromosomal fusions were apparent in TAH1 vs. control knockdown cells (data not shown). As expected, significant shortening of telomeres occurred with TRF2 knockdown (Stagno D'Alcontres et al., 2007) ; however, TAH1 depletion had little effect on the average telomere length ( Figure 5A and 5B).
We then investigated whether TAH1 inhibition could impact the formation of C-circles, which are prevalent in ALT cells and possible templates or byproducts of homologous recombination. Using the C-circle assay (CC assay) developed by Henson et al (Henson et al., 2009) , we compared the amount of C-circles in control vs. TAH1 knockdown U2OS cells. As a positive control, we also examined U2OS cells depleted for SMC5 because of its critical role in C-circle information in ALT cells (Henson et al., 2009) 
TAH1 regulates DNA damage responses at the telomeres in ALT cells
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Next, we went on to examine whether TAH1 played a role in DNA damage responses at the telomeres by assessing the number of telomere dysfunction-induced foci (TIF). When TRF2 was knocked down in U2OS cells, both the number of TIFs (as indicated by 53BP1-telomere co- Figure S3D) . These results suggest that TAH1 inhibition could compromise the integrity of telomeres, and indicate that one major function of TAH1 in ALT cells may involve its regulation of DNA damage responses at telomeres.
Discussion
In this study, we examined the telomere localization of TAH1 in ALT vs. telomerasepositive cells. We found that the homeodomain of TAH1 could specifically bind telomere repeats in vitro and target its telomere localization in vivo. Furthermore, we provide evidence that TAH1 is important for the formation or stability of APBs, ALT activity, and telomere protection in ALT cells. We demonstrated that endogenous TAH1 was more frequently telomere targeted in ALT cells than in telomerase-positive cells. We were able to detect endogenous TAH1 telomere Similar to the core telomere proteins TRF1 and TRF2, TAH1 can also bind telomeric doublestranded DNA. However, unlike TRF1 and TRF2, which can modulate telomere length in both 1 0 telomerase-positive and ALT cells (Broccoli et al., 1997; Chong et al., 1995) have also been reported to associate with PML in BiFC assays (Brouwer et al., 2009 ), but we were likewise unable to co-precipitate PML with either TRF1 or TRF2 (data not shown). These data indicate that additional factors may be needed to bridge PML with TAH1 and shelterin/telosome members. It is also possible that co-IP may favor high-affinity interactions, whereas BiFC may be more sensitive at detecting low-affinity or transient associations.
Concurrent with APB reduction in TAH1 knockdown cells, we also observed an increase in telomeric DNA damage induced foci (TIFs). APBs contain numerous DNA damage repair proteins (Jiang et al., 2007) , and a decrease in APBs (e.g., as a result of TAH1 knockdown) may lead to reduced ability for DNA damage repair and increased DNA damage signals at telomeres.
Material and methods
Constructs, cell Lines, and antibodies
Full-length or mutant TAH1 cDNAs were cloned into the pBabe retroviral vector for Rabbit polyclonal anti-TAH1 (Genetex), mouse monoclonal anti-TRF2 (Calbiochem), rabbit polyclonal anti-TRF2 (Abcam), rabbit polyclonal anti-FLAG (Abmart), rabbit polyclonal anti-53BP1 (Novus), mouse monoclonal anti-PML (Santa Cruz), and rabbit polyclonal anti-IgG (Sigma) antibodies were used in this study.
Indirect immunofluorescence (IF) and IF-fluorescent in situ hybridization (IF-FISH)
Indirect IF and IF for telomere dysfunction-induced foci (TIF) detection were essentially done as previously described (Wan et al., 2009) . Briefly, cells that were plated on glass coverslips were fixed with 4% paraformaldehyde, permeablized in 0.5% Triton X-100 (in 1x PBS) before primary and secondary antibody incubation. For IF-FISH, an additional incubation with PNA-TelC-FITC probe (Panagene) was conducted at 37°C for two hours after secondary antibody incubation. Fluorescence microscopy was performed on a Nikon Ti microscope. For APB scoring, >300 cells were examined for each cell line. PML-positive nuclear foci that were also superimposable with TRF2 foci were counted as APBs. The average number of APBs per cell was then calculated for each cell line.
Chromatin Immunoprecipitation (ChIP)
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Chromatin immunoprecipitation was essentially done as previously described (Ma, 2011) .
Briefly, cultured cells (in 150 mm dishes) were fixed with 1% formaldehyde, and collected by mechanical scraping. Sonicated lysate was then pre-cleared with protein A/G-agarose beads and control immunoglobulin (IgG) (2 μ g), and incubated with appropriate antibodies (3 μ g). The eluted DNA was purified using QIAquik PCR purification kit (Qiagen), dot-blotted onto Hybond-N+ membranes, and analyzed using biotin-labeled probes.
Telo probe: 5'-Biotin-TTAGGGTTAGGGTTAGGGT Alu probe: 5′-Biotin-GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCA
Protein purification and electrophoretic mobility shift assay (EMSA)
Bacterially expressed GST-tagged TAH1 homeodomain only protein (a.a. 236-341) was purified using glutathione-conjugated agarose beads, and eluted in elution buffer containing 10 mM reduced glutathione (GE) and 50 mM Tris (pH=8.0). The expression and purity of the recombinant proteins were verified by SDS-PAGE. For EMSA assay, different concentrations of purified GST-homeodomain proteins were incubated with biotin-labeled pre-annealed doublestranded DNA probes, TelGGG8 or TelGCC8, at room temperature for 20 minutes followed by electrophoresis, transfer to Nylon membranes, and blotting for biotin detection using the Chemiluminescent Nucleic Acid Detection Module (Thermo).
TelGGG8: ds(TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT)
TelGCC8:
Real-time quantitative PCR (qPCR)
Real-time qPCR was carried out as described previously (Liang et al., 2008) . Briefly, total RNA was isolated with the RNeasy mini Kit (QIAGENE), reverse-transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad), and then amplified using the ABI StepOnePlus real-time PCR system (Applied Biosystems). Cycling conditions are 40 cycles of 95°C for 15 s and 60°C for 60 s.
Telomere restriction fragment (TRF) assay
TRF assay was performed using U2OS cells stably expressing shGFP or shTAH1 sequences as described previously with slight modification in telomere signal detection (Liu et al., 2004) . Southern blotting was carried out using the biotin-labeled telomeric probe (5'-biotin-TTAGGGTTAGGGTTAGGGT), followed by biotin signal detection with the Chemiluminescent
Nucleic Acid Detection Module (Thermo).
Telomere quantitative fluorescent in situ hybridization (Q-FISH)
U2OS cells were incubated with 0.5 μ g/ml nocodazole for 6h to enrich cells at metaphases. 
C-circle (CC) assay
CC assay was performed as described previously (Henson et al., 2009) . Genomic DNA was digested with HinfI and RsaI (4 U/μg) plus RNaseA/T (25 ng/μg) (Dnase-free; Fementas).
An aliquot of the digest was used as input, with the remaining diluted to 10μl final volume that 
Cell cycle profile analysis
Cultured cells were fixed in 70% ethanol, incubated in PBS with 50 μ g/ml RNase A at 37°C for 10 min, and stained with 50μg/ml propidium iodide before flow cytometry analysis.
Statistical analysis
Percentages were transformed using arcsine transformation. Percentage transformed data and other data were analyzed by ANOVA and means compared by Fisher's protected leastsignificant difference (PLSD) using the StatView software from SAS Institute Inc. (Cary, NC, USA). Significant differences were defined as P < 0.05 or lower. Journal of Cell Science Accepted manuscript Error bars indicate standard errors (n=3). ***, p<0.001. 
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